Abstract-The uniform asymmetrical microstrip parallel coupled line is used to design the multi-section unequal Wilkinson power divider with high dividing ratio. The main objective of the paper is to increase the trace widths in order to facilitate the construction of the power divider with the conventional photolithography method. The separated microstrip lines in the conventional Wilkinson power divider are replaced with the uniform asymmetrical parallel coupled lines. An even-odd mode analysis is used to calculate characteristic impedances and then the per-unit-length capacitance and inductance parameter matrix are used to calculate the physical dimension of the power divider. To clarify the advantages of this method, two three-section Wilkinson power divider with an unequal power-division ratio of 1 : 2.5 are designed and fabricated and measured, one in the proposed configuration and the other in the conventional configuration. The simulation and the measurement results show that not only the specified design goals are achieved, but also all the microstrip traces can be easily implemented in the proposed power divider.
INTRODUCTION
The Wilkinson power divider is widely used as a feed structure for planar antennas and microwave circuits because of its well-described design method, simple of construction [1] [2] [3] [4] . It can provide almost flat power division appropriate ports matching over its bandwidth and effective isolation between the output ports. Some applications need broadband multi-section microstrip Wilkinson power divider with ratio [18] . The application of asymmetrical uniform microstrip coupled lines is mainly proposed for avoiding the narrow strip width in wideband multi-secsion microtstrip Wilkinson power divider. The proposed method overcomes this problem by replacing the separated microstrip branches with uniform asymmetrical microstrip coupled lines. It is shown that for 1 : 2.5 power division ratio, the strip width of the designed Wilkinson power divider is significantly greater than the strip width of the conventional Wilkinson power divider with the same power division. Figure 1 shows the layout of the multi-section Wilkinson power divider implemented by using the asymmetrical uniform microstrip parallel coupled lines including its various parameters. The Wilkinson power divider is similar to the conventional multi-section Wilkinson power divider except that the isolated microstrip transmission lines in the conventional Wilkinson power divider are replaced by asymmetrical uniform parallel coupled lines. The power divider consists of N sections. The trace width of upper and lower lines and the isolation resistor of the nth section are denoted by W 1n , W 2n and R n , respectively. The gap spacing and the length of section N are also denoted by S n and l n , respectively. The design goal is to determine the parameters of each section (W 1n , W 2n , S n , l n and R n ) of the power divider such that in addition to the desired isolation and power division between the output ports acceptable reflections at all ports are also achieved.
DESIGN PROCEDURE
Approximately similar design procedure introduced in [16] is followed for designing the Wilkinson power dividers. For achieving this goal, first the three port network is decomposed into two groups of networks for even-and odd-mode with appropriate parameter definitions. Then, each even-and odd-mode network consists of a terminated four-port which half of it is identical to the other by impedance scaling factor. The impedance scaling factor is equal to the power division ratio between the output ports. The terminated impedance at port 1 is equal to Z 0 . The even-mode networks are similar to the multi-section quarter wave transformers. So, the characteristic impedances of the even mode are easily derived. For the odd mode the characteristic impedances of each section is derived according to the coupling coefficient and even mode characteristic impedance for that section. The coupling coefficients are not unique but too strong coupling should be avoided because it leads to negative odd-mode characteristic impedances. Finally a simple program has been written in MATLAB for calculating the resistor values. The resistor values are calculated such that the reflection coefficients of the even-and oddmode have the same zeros.
For calculating the physical dimensions of the designed Wilkinson power divider, the capacitance matrixes of an asymmetrical uniform microstrip coupled lines for various strip widths and gap spacing over air and dielectric substrates are obtained and then tabulated [19] . It is supposed that substrate is FR4 with a thickness of 1.57 mm with approximate dielectric constant equal to 4. are defined as equivalent self-capacitances for microstrip asymmetrical coupled lines over air substrate. The mutual capacitances for microstrip asymmetrical coupled lines over dielectric and vacuum substrates are also defined as C 12 and C 0 12 , respectively. The equivalent capacitance networks can also be decomposed into two parts for the even-and odd-mode as shown in Fig. 2(a) and Fig. 2(b) . For the even mode, a magnetic wall can be defined between two lines. So the effective capacitances between strip conductors and ground are
(b) Figure 2 . The cross section of uniform asymmetrical coupled lines over dielectric and vacuum substrates including equivalent capacitance networks.
where C 1e and C 2e are the even mode effective capacitances of the microstrip asymmetrical coupled lines over dielectric substrate for the first and second strips, respectively. C 0 1e and C 0 2e are also the even mode effective capacitances of the microstrip asymmetrical coupled lines over air substrate for the first and second strips, respectively. For the odd mode, an electric wall can be defined between lines in appropriate position. This leads to effective capacitances between strip conductors and ground as
where C 1o and C 2o are the odd mode effective capacitances of the microstrip asymmetrical coupled lines over dielectric substrate for the first and second strips, respectively. C 0 1o and C 0 2o are also the odd mode effective capacitances of the microstrip asymmetrical coupled lines over vacuum substrate for the first and second strips, respectively. k is also the power division ratio. The characteristic impedances for even-and odd-mode are then easily calculated from the effective capacitances by [20] 
where c is the light speed in vacuum. In the next step, another simple program has been written in MATLAB. The program calculate the even-and odd-mode characteristic impedances for the uniform microstrip asymmetrical coupled lines based on the aforementioned discussion and by using the tabulated capacitance matrixes. Then, according to the calculated even-and odd-mode characteristic impedances and the characteristic impedances of the designed power divider, the program looks for the corresponding physical dimensions.
DESIGNING OF THE POWER DIVIDER AND RESULTS
In order to demonstrate the effectiveness of applying uniform microstrip asymmetrical coupled lines instead of isolated coupled lines in multi-section Wilkinson power divider for elimination the narrow strip widths, a sample of the power divider with 1 : 2.5 power division and bandwidth of 96% is designed with the FR4 substrate with a thickness of 1.57 mm and approximate dielectric constant equal to 4.47 Furthermore, the designed power divider has three sections and the coupling coefficients are c 1 = 0.377, c 2 = 0.268 and c 3 = 0.165. The strongest coupling is for the first section while the weakest coupling is for the last section and they are experimentally chosen so that the width of the lines would be wide enough that can be fabricate easily.
The dimensions of the designed Wilkinson power divider are shown in Table 1 
is designed. The same procedure is followed for designing the new power divider. In this regard, the coupling confections are considered to be equal to zero. The various dimensions of the new power divider are shown in Table 2 . It is indicated by comparing the various dimensions of the power dividers that the widths of all traces of the Wilkinson power divider consist of the uniform asymmetrical coupled lines are larger than the conventional multi-section Wilkinson power divider. All the trace widths of the multi-section Wilkinson power divider consist of the uniform asymmetrical coupled lines are appropriated for construction while in the conventional multi-section Wilkinson power divider the narrowest strip width of the first section is equal to 0.137 mm that is difficult to construct with conventional photolithography.
Both of the designed Wilkinson power dividers have been fabricated over the FR4 board. Figures 3 and 4 show the fabricated circuits. The scattering parameters of the designed power dividers have been measured. Fig. 5 to Fig. 10 show the measured scattering parameters of the fabricated power dividers. Fig. 5 shows the magnitude of the reflection coefficient at port 1. As the figure shows, the magnitude of the reflection coefficient for both cases is below −15 dB in entire bandwidth.
Figures 6 and 7 show the power division between the output ports. losses. The extra insertion losses are somewhat due to the construction errors and somewhat due to the high level of FR4 loss tangent. Figure 8 shows the isolation between the output ports of the designed power dividers. The figure shows that the isolation between output ports for both cases is below −25 dB in entire bandwidth. Fig. 9 and Fig. 10 show the reflection coefficients at port 2 and port 3, respectively. According to these figures, the reflection coefficients at output ports for the designed power dividers are below −15 dB in entire bandwidth. Except for the extra losses, the measured parameters of the power divider are in accordance with the design specifications. 
CONCLUSION
Broadband multi-section Wilkinson power dividers were designed and tested. One of the designed power divider has conventional topology while in the other one the isolated microstrip transmission lines were replaced with the microstrip uniform asymmetrical coupled lines. A suitable design procedure was followed which lead to designing of the power dividers. Comparing the various dimensions of the Wilkinson power divider showed that all traces of the power divider consists of the microstrip uniform asymmetrical coupled lines were wider than the Wilkinson power divider consists of the isolated microstrip lines. The designed power dividers were constructed on FR4 substrate and their scattering parameters were measured. The measurement results showed a good agreement between the power divider specifications and specified design goals.
